Abstract-With the development of high-speed, longdistance optical fiber communication systems, single-mode fiber polarization mode dispersion (PMD: Polarization mode dispersion) becomes one of the important factor limiting high-speed, long-distance optical fiber transmission. Polarization mode dispersion can cause pulse broadening in thedigital transmission system, result inter-symbol interference in digital communications, has seriously affected the quality of signal transmission. Because PMD has statistical properties under external influences during transmission, polarization mode dispersion compensation technology is much more complex than chromatic dispersion compensation techniques. This paper mainly discusses PMD and high-order PMD compensation method, simulate the first order PMD statistical properties, second order PMD statistical properties, and the broaden factor under un-compensation, the first-order compensation, the second-order compensation and the third-order compensation. the simulations have obtained that the compensation method based on center frequency Taylor series expansion does not apply to large PMD pulse-width ratio, but the high-order PMD compensation method based on the average frequency can reduce the broadening factor.
I. INTRODUCTION
With the improvement of the optical fiber manufacturing engineering and the progress of the optical transmission technology, optical fiber communication has become an important part of modern communication technology. The two most important limiting factor of optical fiber communication technology are the fiber loss and dispersion. EDFA (erbium-doped fiber amplifier) well solve the problem of the limitations of optical transmission systems rate and relay distance by the fiber loss. The appearance of advanced compensation technology, such as dispersion compensating fiber dispersion compensation, fiber Bragg grating dispersion compensation etc,. makes the dispersion is no longer the obstacle to the development of optical communication.
But with increase of the system rate, the limitation of PMD which is original not being taken seriously is becoming increasingly prominent. Therefore, to transmit high-speed optical signal in the existing optic fiber and upgrade the system to 10 Gbit/s or 40Gbit / s or more, we must consider the impact of PMD. Thus the study of PMD compensation technique has great significance.
II. PMD RELATED CONCEPTS

Polarization Mode Dispersion Concepts
In the single-mode fiber, the fundamental mode is composed by two orthogonal polarization modes, in an ideal fiber, they are completely degenerate, two polarization mold have the same transmission rate, there is no delay phenomenon. However, when the fiber-optic materials have birefringence, the two have different propagation velocity, then, result in DGD (Differ-ential Group Delay) in different mode, that is polarization mode dispersion the PMD [1] . The optical transmission in single-mode fiber can be described as two orthogonal axes of vibration, due to the two different polarization mode rate, arrival time will be different, which led to wide pulse width exhibition namely dispersion. From the power loss can be seen that the pulse width broadening [2] , shown in Figure 1 . The relation of the PSP vector and second-order PMD component is shown in Figure 2 . Figure 2 The relation of first-order and second-order PMD
Second-order Polarization Mode Dispersion Concepts
The Effects of High-order PMD
When signal spectrum is narrow enough, the first-order PMD effect in the fiber will lead to the two-way transmission of the signal, and then causing the crosstalk between the symbols.When using the chirp directly modulated laser or broadband light source, the PMD will change with the signal spectrum changes, and arouse additional signal distortion, this is the high-order PMD effects. Second-order PMD is a major limiting factor of the analog communication systems and high-speed digital communication systems [3] .When the signals transmit in single-mode fiber, on the one hand, the higher the PMD of PMD, the greater the system damage. On the other hand, with the increase of the fiber PMD, the signal spectrum broadening sensitivity will also increase, that is, the high-order PMD effects become more obvious. Therefore, when the fiber PMD is not too large, the PMD <10ps, the use of narrow-band modulation (such as external modulation method) can effectively avoid the high-order PMD effects [4] .
III. THE STATISTICAL CHARACTERISTICS OF POLARIZATION MODE DISPERSION
First-order PMD Statistical Properties
For the short fiber, τ Δ is the Fixed value. But in the long random mode coupling fiber, DGD ( τ Δ ) will change with the time, it is a statistic. Its probability density obeys Maxwellian distribution [5] ,
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delay, L is fiber length, and its mean and variance satisfy: Figure 3 is the normalized probability distribution of DGD ( τ τ Δ Δ ). The second-order PMD probability density distribution
Second-order PMD Statistical Properties
When the fiber length is much larger than the coupling length, the second-order PMD (SOPMD) is the same with the first-order PMD, is a random variable. Statistical measurement of different fiber or the same fiber at different times, it can be seen that the probability density function of the size of the SOPMD ω τ Δ [6] is as follows:
From the theory statistical results [7, 8] , when the fiber length is long enough, there exist statistics relativity between SOPMD and first-order PMD, their relationship can be expressed as:
and [9, 10] :
The second-order PMD probability density curve is shown in Figure 4 .
IV. POLARIZATION MODE DISPERSION IMPACT ON THE COMMUNICATION SYSTEM
PMD on the performance of transmission systems can be analyzed from different perspectives, such as the broadening of light pulses, the received power deterioration, or from statistical point define the system failure rate. In a digital communication system, the PMD can cause pulse broadening and distortion, lead to intersymbol interference, resulting in increased error rate, limiting the transmission rate of the system; in analog communication systems, the PMD will lead to high-order distortion effect, resulting in non-linear distortion, limiting the number of channels and bandwidth.
Pulse broadening induced by polarization mode dispersion is generally calculated by the following formula:
Which, D PMD is the PMD coefficient, unit is ps km , L（km）is section of the fiber length. It is can be seen that, the size of the PMD is proportional to the rms of fiber length.
According to ITU-T standard protocol, the relationship of PMD coefficient, transmission rate and transmission distance of a period of fiber meet the following formula [11] :
It is:
According to the above equation, we can get the maximum transmission distance limited by PMD. Simulation shown in Figure 5 , when the value of the transmission rate is invariant, the restrictive relationship between the PMD coefficient and the effective transmission distance L. When PMD coefficient is invariant, the restrictive relationship between the transmission rate and the effective transmission distance L, the figure is shown in Figure 6 . （a） B=2.5Gb/s, the relationship between PMD coefficient and the transmission distance （b） B=10Gb/s, the relationship between PMD coefficient and the transmission distance (c)B=40Gb/s, the relationship between PMD coefficient and the transmission distance Figure 5 The effective transmission of the signal at different rates in different PMD coefficient fiber Figure 6 The relationship between B and L at definite PMD value
Be compared with Figures 5 and 6, for 2.5Gb / s transmission systems, when the PMD value is 1 / ps km , can transmit 1600km; when the PMD value is 0.5 / ps km , can transmit 6400km, so PMD for low-rate optical fiber communication systems impact is rarely. But for high-speed (10Gb/s) system, the transmission distance significantly reduced, respectively, can only transfer 100km and 400km; for ultra-high-speed (40Gb/s) system, the PMD has been severely restricted the use of the system: when PMD is 1 / ps km , transmission distance is only 6km; when PMD is 0.5 / ps km , the transmission distance is only 25km; when PMD is 0.2 / ps km , transmission distance is 156 km. Through the above analysis can clearly drawn, PMD has become the main factors affecting the high-speed system. Usually for the protection of the normal use of 10Gb / s highspeed system and 40Gb / s ultra-high-speed system, at least should ensure that the PMD is less than or equal to 0.2 / ps km [12] .
IV. PULSE BROADENING BY POLARIZATION MODE
ISPERSION
As mentioned above, in high-speed optical fiber communication systems, polarization mode dispersion has been considered to be a major factor to limit the performance of optical fiber communication systems, and the rms pulse broadening is an important physical characterization of signal transmission performance.
Analytical Expression of RMS Pulse Broadening
First, in the case without considering the dispersion and chirp, the analytical expressions of pulse rms broadening caused by PMD is [13] :
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E ⋅ is the mathematical expectation. By Eq. (9), can be calculated [14] :
Pulse Broadening in the Un-Compensation System
For a Gaussian pulse without chirped, 
x E τ σ = Δ used to describe the average PMD size which has relative to pulse width. Figure 7 describes the pulse broadening factor change with the mean change curve, the three curves in the figure are given different input polarization state (the input polarization state mean, the best input polarization state and the worst input polarization state), the pulse broadening factor changes. 
Compensation Based on the Center Frequency Taylor Series Expansion
The most simple solution of polarization mode dispersion compensation is that, when the center frequency reach certain order, compensation vector as a Taylor series expansion of the fiber PMD vector, and add it to the opposite axis direction. The third-order PMD compensation, for example, the dependence carrier of frequency compensation PMD,
is the center frequency of the n-th frequency-dependent optical fiber polarization mode dispersion vector. This program will provide exact compensation for the center frequency of. In this section, the broadening factor after PMD compensation up to the third-order calculation. Explore the second and third order compensation case, you need to briefly recall the first-order compensation. This paper presents an unchirped Gaussian pulse assumed in the analysis of the broadening factor calculation.
The First-order of Compensation
In the first-order PMD compensation, the full order PMD vector is ( )
simplify, through the calculations and simplified, can be approximated get the broadening factor under the firstorder polarization mode dispersion compensation:
The Second-order Compensation
For the second-order compensation, on the basis of first-order compensation, the PMD vector need simulation, full-order PMD vector is 1 2  1 2  2  2  2  2 nd  1st   2  2  12 1  1  1  3  3  3 3
The Third-order Compensation
In the third-order compensation, the second order frequency dependent increase, the full-order PMD vector is Figure 8 shows the broadening factor in case of the uncompensated, first-order polarization mode dispersion compensation, the second-order polarization mode dispersion compensation, the third-order polarization mode dispersion compensation. It can be seen from the figure, after the polarization mode dispersion compensation, pulse rms broaden is reduced greatly. The higher the compensation order, the faster of the broadening factor increases, for large PMD compensation broadening rate, the faster the deterioration of the performance of the system. Compensation of higher order applies only to the PMD values of the limited range, and the scope of application is also increased with the compensation order. PMD compensation method based on the fiber link's PMD vector Taylor series expanded does not apply to large PMD pulse-width ratio in a specific frequency range, even serious deteriorate the performance of the system.
High-order PMD Compensation Under the Average Frequency
This section describes a simple method to improve the scope of work of high-order compensation. The idea is that in the simulation of PMD compensation, using the average frequency of higher order PMD vector. The form of PMD vector compensation is ( ) Ω =Ω− Ω , using the same method to calculate the broadening factor: ( ) ( )   3 2  1 2  2  2  2 nd  1st   1 2  2   3  4  4  1  3  1 1  2  3  3   4  4  3  2  1  3 3 2
The Third-order Compensation
In the third-order compensation, the second order frequency dependent increase, the full-order PMD vector is With the similar Figure 9 shows broadening factor in case of the uncompensated, first-order polarization mode dispersion compensation, the second-order polarization mode dispersion compensation, third-order polarization mode dispersion compensation, the higher the order, the smaller the broadening factor. If the system is assumed to bear 5% of the pulse width to expand, under the uncompensation, the PMD value is 0.7 allow, it is equivalent to 18% of the code cycle, assuming that B 0 T 4τ = . After the application of frequency averaging method, allowed for the first, second, and third-order compensation PMD value are 1.5 (= 0.375), 2.0 (= 0.5), 2.2 (= 0.55). In comparison, in the case of not using the average of the frequency, respectively, they are 1.46 (= 0.36), 1.67 (= 0.42), 1.67 (= 0.42).
V. CONCLUSION AND OUTLOOK
This paper focuses on the technology of high-order PMD compensation in high-speed optical communication systems. Simulated first-order and second-order PMD statistical properties, and draw the corresponding statistical properties. And then simulated broadening factor under un-compensation, first-order compensation, second-order compensation and third-order compensation, Based on the center frequency Taylor series expansionbased compensation method does not apply to large PMD pulse-width ratio, the average frequency of the high-order PMD compensation method can reduce the broadening factor.
